ABSTRACT In an attempt to clarify the regulatory mechanism that accounts for the shift ofprotein A24 in the mitotic cycle, we demonstrated the existence ofan enzyme, provisionally termed isopeptidase, that cleaves A24 stoichiometrically into histone H2A and ubiquitin. Properties of this enzyme are (i) most eukaryotes, including mammals, amphibia, chicken, and yeast, contain isopeptidase in the cytoplasm; (ii) a significant increase in enzyme binding to chromatin occurs when cells enter mitosis; (iii) Escherichia coli does not contain isopeptidase; (iv) isopeptidase has a molecular weight of 38,000; (v) at an ionic strength that induces globular conformation of H2A, isopeptidase activity is repressed; (vi) a SH group is an essential cofactor; and (vii) most divalent cations (except Mg2+ and Ca2+) are inhibitory. In view of the stoichiometric conversion of A24 into H2A and ubiquitin by isopeptidase in vitro, A24 probably contains a Gly-Gly dipeptide in isopeptide linkage but no other intervening polypeptides. Since ubiquitin in various eukaryotes binds to proteins other than H2A, and is proteolytically released, isopeptidase probably acts on isopeptide bonds in general and not uniquely on those of A24. Inasmuch as isopeptidase is present throughout the cell cycle, the level of A24 in chromatin appears to be controlled by a balance between isopeptidase and an as yet unestablished H2A-ubiquitin ligase.
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Despite extensive advances in chromatin biochemistry (1) (2) (3) , the molecular basis of the higher order organization of chromatin remains unknown. Histone phosphorylation has been implicated in chromatin condensation in mitosis (4) (5) (6) (7) (8) (9) ; however, this idea has been questioned recently (10, 11) . In attempts to seek feasible mechanisms, we found another mitosis-specific event that involves a reversible stoichiometric shift in one ofthe structural chromatin proteins, A24 (12) (13) (14) , a conjugate of histone H2A and the nonhistone protein ubiquitin (15) (16) (17) . A24 virtually disappears as a structural component of chromatin in mitosis (12) (13) (14) 18 ) and, at the same time, a 10% increase in the H2A/DNA mass ratio occurs (12, 13) . When cells revert to the G, phase from mitosis and the chromatin becomes decondensed, A24 is reformed by conjugation ofthe core histone H2A and preformed ubiquitin, apparently without new protein synthesis (13) .
In view of the reversible stoichiometric shift of A24 in the mitotic cycle of chromatin organization, we predicted the presence of novel enzymes that catalyze the interaction of H2A and ubiquitin (13, 19) . In this article, we present evidence that eukaryotes, but not prokaryotes such as Escherichia coli, contain a cytoplasmic enzyme, termed isopeptidase, that cleaves A24 into H2A and ubiquitin stoichiometrically in vitro.
MATERIALS AND METHODS
Cultured cell lines of a Chinese hamster (DON) and a mouse (L929) were maintained at 37°C in RPMI 1640 medium/8% fetal calf serum (20, 21) . E. coli (strain K-12, wild type) and yeast were gifts ofAllen Leonard and Joel Huberman ofour institute. Metaphase chromosomes, nuclei, acid-soluble chromatin proteins, and A24 were prepared as described (13, 21, 22) . '25I Labeling ofA24 was carried out by the chloramin T method (23) . To protect A24 molecules from radiation-caused disintegration, the iodinated sample was immediately adjusted to a concentration of 18.7 nmol of A24/ml and A24-free calf thymus histone at 1 mg/ml was added as carrier. 125I Stoichiometry, as determined by the isopeptidase reaction (see Fig. 1 The publication costs ofthis article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact.
quantitatively eluted in 50 mM phosphate buffer, pH 7.5/ 0.1% NaDodSO4, and the radioactivity was determined. For autoradiography, the stained gels were exposed to a Kodak XOmat AR film for 16-72 hr.
RESULTS
Existence of Isopeptidase in Cell Extracts. Our prediction that the interaction ofH2A and ubiquitin is a reversible dynamic process requiring involvement of specific enzymes (18, 19, 29) was tested by addressing three major areas-identification of enzyme reaction, intracellular localization, and enzyme level during the cell cycle. Initial attempts were focused on an enzyme(s) that cleaves A24 into H2A and ubiquitin. The results obtained are summarized as follows. (i) A wide variety of eukaryotic cells from mammals, amphibia, birds, and yeast contains an isopeptidase that cleaves A24 into H2A and ubiquitin in vitro (Fig. 1A) . (ii) A prokaryote such as E. coli does not contain an isopeptidase (Fig. 1B) . This was surprising, because ubiquitin is present in E. coli (17) , and its conjugate may well require isopeptidase for turnover. (iii) Isopeptidase attacks isopeptide bonds ofisolated A24, as well as those integrated in vivo as structural nucleosomal components (Figs. 2 and 3); therefore, the enzyme appears to have a very specific recognition site for isopeptide bonds. (iv) Isopeptidase is localized mostly in the cytoplasm (>99%) ( Table 1) but it is unclear whether the residual activity in nuclei reflects a real localization or merely an absorbed portion during subcellular fractionation. (v) Isopeptidase is present not only in mitosis but also in interphase (Table  1) . (vi) Cleavage of A24 is stoichiometric; that is, neither intervening peptides or Gly-Gly dipeptides, initially proposed to be an integral component between H2A and ubiquitin (30) , are detected in the isopeptidase products (Figs. 1 and 4) . (vii) Isopeptidase binds to chromatin in mitosis ( Table 1) .
Specificity of the Isopeptidase Reaction. Novel properties ofisopeptidase are as follows. (i) Isopeptidase differs from serine hydrolase-type polypeptidases (including histone proteases) in that neither BzlSO2F nor trypsin inhibitor blocked the reaction (Table 2) . (ii) Isopeptidase differs from other endo-and exopeptidases, such as trypsin, chymotrypsin, carboxpeptidase, Pronase, and H2A protease (31) . These enzymes either failed to cleave A24 into H2A and ubiquitin (Fig. 5) or showed a different reaction site on H2A (31) . (iii) Isopeptidase has an apparent molecular weight of 38,000 as determined on Sephadex G-100 (Fig. 6) , and its sedimentation coefficient is estimated as 1-3. (iv) The isopeptidase reaction is depressed at high ionic strength (Fig. 7) . (v) Free SH groups are essential cofactors ( (Fig. 3 A and B) , the question arises as to whether a Gly-Gly dipeptide is an integral element in the isopeptide bond, as initially proposed (30) . This controversial point was studied. A24was purified from cells that incorporated [3H]glycine for 6 generations to uniformly label the entire molecule and then incubated with interphase cytoplasmic proteins (Fig. 3C) . Again, there was no radioactivity at the ion front at which glycine and Gly-Gly would be located (Fig. 3C) . However, the H2A/ubiquitin radioactivity ratio was 2.0, in good agreeement with the ratio between the number of glycine residues in H2A and ubiquitin terminating in Gly-Gly (12:6) (13).
DISCUSSION
In this article, we report that various eukaryotic species contain an enzyme, tentatively referred to as isopeptidase, that cleaves protein A24 into its components in vitro stoichiometrically. The failure of A24 cleavage by E. coli extracts may indicate that isopeptidase is eukaryote specific. This enzyme selectively attacks on isopeptide bonds between the COOH-terminal Gly-Gly dipeptides attached to ubiquitin and the e-NH2 residue oflysine-119 on A24 (Figs. 1 and 3 ) and, hence, it probably belongs to the carbon-nitrogen lyase group (E.C. 4.3). Since ubiquitin binds to many kinds of proteins through isopeptidase bonding, forming various ubiquitin adducts (32, 33) , the same enzyme should have a wide substrate specificity. In fact, ubiquitin is known to be released, in an ATP-dependent proteolysis of the rabbit reticulocyte system, from its adducts other than A24 (32, 33) . Moreover, Wu et al. (18, 29) showed that uH2B is also converted to H2B and ubiquitin during mitosis. Thus, the term isopeptidase rather than "A24 lyase" undoubtedly applies more generally to the nature of the enzyme reaction.
Interestingly, the isopeptidase reaction, at least its rate, was restricted at a higher ionic strength (Fig. 7B) ecules (34) . Furthermore, it has been reported that ubiquitin generally tends to display a globular trypsin-resistant structure (35, 36 Proc. NatL Acad. Sci. USA 79 (1982) 1537 the isopeptidase products at lower and higher ionic strengths are identical (that is, H2A and ubiquitin), recognition of the cleavage site on A24 molecules by isopeptidase should not be determined by substrate conformation.
The A24 molecules located in chromatin were as accessible to isopeptidase as free A24 molecules; no appreciable degradation occurred in other core histones (Fig. 2) . In accordance with a previous prediction (13) , as well as the findings of Bohm et al. (37) , this result further strengthens the hypothesis that a COOH-terminal domain of H2A to which ubiquitin binds is probably exposed on the nucleosome surface but not embedded within a globular space. Such an exposed domain could be involved in specific interactions other than those among globular domains of core histones. It is conceivable that the conjugation ofubiquitin to H2A would not significantly alter the interaction of core histones through globular domains. This interpretation appears to be supported by the. findings of others as well (38, 39) . Using carbodiimide crosslinking as a probe for histonehistone interactions, Bonner and Stedman (38) showed that H2A and the H2A portion ofA24 were equally positioned within nucleosomes. Martinson There is no radioactivity at the ion front at which [ Higlycine and
[3H]Gly-Gly would be expected to-migrate (I). In C, the H2A/ubiquitin (U) radioactivity ratio is2.00 (16,355:8150) , whichis compatible with the ratio of the number of glycine residues in H2A and ubiquitin that has Gly-Gly attached (12 and 6 residues per molecule) (13 5 . Digestion of '25I-labeled A24 with known proteolytic enzymes. A24 was digested for 30 min at 370C in 0.125 M Tris-HCl, pH 7.5/10 mM 2-mercaptoethanol, and the whole digests and calf thymus histones were subjected to NaDodSO/polyacrylamide gel electrophoresis. Gels were fixed in 50% methanol/10% acetic acid, destained, sliced, and extracted with 50 mM phosphate, pH 7.5/0.1% NaDodS04 for radioactivity assay. is that, when ubiquitin binds to the core histone H2A, the chromatin-becomes generally relaxed and, hence, transcriptionally active (13, 43) . In fact, the A24 content is high in interphase chromatin (compared with metaphase) (13), nucleolar euchromatin (compared with whole chromatin) (26) , active immature chicken erythrocytes (compared with inactive matured cells) (42) , and phytohemagglutinin-stimulated human T lymphocytes (unpublished results). It is tempting to assume that the attachment of ubiquitin to core histones (H2A and H2B) (18, 29) .enables nonhistone chromatin proteins such as regulatory proteins and RNA polymerases to bind to the accessible genes (43) . The present results point to promise for the use of purified isopeptidase in gently removing ubiquitin. Since conjugation of ubiquitin to the e-NH2 groups oflysines on H2A should be possible with rabbit reticulocyte enzymes (32, 33) , the use of both enzyme systems will make it possible to study ubiquitin mod-.ification of structural proteins.
